The viscoelastic properties of nine silicone-, polysulfide-, and polyether-based impression materials were determined using creep tests. During deformation the materials demonstrated linear viscoelastic behavior. The creep compliance curves, recovery, and percent set were calculated. Permanent deformation in these materials is a result of lack of recovery of elastic deformation as well as viscous flow.
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The silicone-, polysulfide-, and polyetherbased impression materials are commonly called elastic materials because of their rubberlike qualities. These materials are capable of accurate reproduction and are clinically popular. Of particular interest is their ability to recover from strain produced either during removal from undercut areas or during stresses they may encounter during handling before a model is made.
Most of the data on mechanical properties of "elastic" impression materials are obtained from tests similar to those described in American Dental Association Specification no. 19.1 Bondoc2 measured the percent permanent deformation and strain in compression for silicone-based materials according to American Dental Association Specification no. 19. Braden, Causton, and Clarke3 studied both the base paste and set polyether impression material. Their mechanical tests included modulus of elasticity, dissipative modulus, dimensional change, and thermal expansion. MacPherson, Craig, and Peyton4 determined the stress-strain properties in compression, and resistance to tear of polysulfide and hydrocolloid impression materials. Current books on dental materials
This study was edges. The mold containing the impression material along with the glass plates was placed in a 37 C water bath two minutes from the start of the mix. The specimens were removed from the water bath after the minimum time suggested by the manufacturer for leaving the material in the mouth and tested either one minute later or one hour from the start of the mix. In this test the former are referred to as one-minute specimens and the latter as one-hour specimens. All materials were mixed and tested at room temperature (24 C) and humidity.
Specimens were tested in an instrument similar to the one pictured in American Dental Association Specification no. 19 and used for determining strain in compression.
The device consists of a dial gauge, graduated in 0.001 inch, a rod to act upon the gauge, and a set of platens for holding the specimen and weights. Specimens were placed in the instrument and loaded with a minor stress of 175 gm/cm2. Thirty seconds later a major load of either 500, 1,000, or 1,500 gm was applied and this was recorded as time zero. The load was removed either 1, 3, 6, or 12 minutes from time zero. The deflection was recorded as a function of time until a constant value was reached.
The creep compliance, J(t), was calculated for the one-minute and one-hour specimens of each material at times of 0, 15, 30 seconds, and 1, 2, 3, 4, 5, 6, and 8 minutes. The percent set and the percent recovery of the instantaneous plus retarded elastic deformation were tabulated. Although Figure 1 represents the ideal case, the percent set is s/original length x 100, and the percent recovery of instantaneous plus retarded elastic component is r/e X 100. Figure 5 . The range of J(t) values calcu- lated from different loads is shown for each curve. Similar results for the one-minute specimens are shown in Figure 6 . The curves are not plotted in the region after removal of the load because the amount of recovery is dependent on the duration of the stress.
Results
The creep compliance curves of the oneminute samples are effected by the length of time in the water bath. All samples were removed from the water bath after the manufacturer's minimum suggested time. Several minutes more in the bath would alter the curves toward the shape and position demonstrated by the one-hour samples. The samples tested at one minute after removal from the bath showed greater variation than the one-hour specimens. The range of J(t) values for the one-minute samples are tabulated in Figure 6 .
The recovery of the materials is characterized in Tables 3 and 4. Table 3 contains the data from the one-minute specimens, while 
Discussion
The "elastic" impression materials demonstrate linear viscoelastic behavior, although the recovery after removing the stress is not ideally viscoelastic. Since the materials are linearly viscoelastic, the stress-strain time relations over a wide range of values can be characterized by a minimum number of tests.
The creep compliance curves illustrate the three components of deformation experienced by all of these materials. The values for the instantaneous creep compliance, JO, ranged from 2 to 20 X 10-3 cm2/Newton for one-minute specimens, and 2 to 12 x 10-3 cm2/Newton for one-hour specimens. All materials showed a decrease in J., J.R and viscous flow with continued polymerization and cross-linking. The retarded elastic response was completed within three minutes for most of the one-minute samples and within two minutes for the one-hour samples.
Produce A is a heavy-bodied material and illustrates the typical viscoelastic behavior for the stiffer, heavier consistency impression materials. The following discussion refers primarily to the regular-bodied materials.
Of the regular-bodied materials tested, product I (the polyether) had the lowest creep compliance. Of particular interest is its zero viscous flow. Within an hour after removal from the mouth, the polyether functions almost like an "ideal" elastic material. It demonstrates time-independent deformation, with no viscous flow, and nearly complete recovery. Therefore, after removal from the mouth the polyether material is safe from significant permanent dimensional change due to stress. This stability increases its ability to be handled, stored, and shipped. Product B, a silicone, demonstrated similar properties. Of course, when discussing dimensional stability consideration must also be given to polymerization shrinkage.
It is difficult to make generalizations about the creep compliance for the silicones or polysulfides as a class; however, the silicones tend to experience less retarded elastic deformation than the polysulfides. Two of the one-hour silicone-based impression materials showed no retarded elastic response.
Product E showed considerably more deformation than any of the other materials tested, even one hour after mixing. Product C showed the largest change in properties between one minute and one hour. This difference, however, could be decreased with a few extra minutes in the water bath. Several observations can be made about the set and recovery characteristics of these materials. First it should be noted that percent set in this investigation is not equal to the percent permanent deformation as measured for American Dental Association no. 19, since the later is determined after applying a specified strain. As expected the percent set increased with stress and duration of stress. The samples with higher percent set also had smaller values for percent recovery of elastic deformation. Some of the one-minute specimens recovered only 30 to 40% of their total elastic deformation. The one-hour specimens showed a distinct increase in recovery of elastic deformation, with most specimens recovering at least 80% of their elastic deformation. The materials that have completed their polymerization and cross-linking reactions are more nearly ideal viscoelastic materials, with permanent deformation almost completely a result of viscous flow. In samples that have not completed their polymerization and cross-linking reactions, however, permanent deformation is a result of viscous flow as well as a lack of recovery of elastic deformation. For the one-hour specimens the percent recovery of elastic deformation is independent of stress and duration of stress.
There are several clinically significant observations that can be made from this investigation. First, all materials demonstrated considerable change in viscoelastic properties between the one-minute and one-hour specimens. The most desirable impression materials with regard to viscoelastic properties are those that are most nearly completely elastic, that is, they demonstrate minimum viscous flow and retarded elastic flow. Of the regular-bodied materials tested products I and B were the most "elastic" materials and demonstrated the lowest percent set, less than 0.5%. With regard to dimensional changes due to stresses experienced during handling, shipping, and storage these materials are, therefore, the most stable. Again, however, note that polymerization shrinkage also affects dimensional stability.
The "stiffness" or "feel" of a material may be deceiving in determining its ability to resist dimensional change due to stress. For example, products C and E have similar instantaneous elastic compliances, but as can be seen in Figure 5 , their total creep compliance curves are quite different. Under a given stress, with time, product E would show more strain and permanent deformation. Conclusions 1. This investigation characterizes the viscoelastic properties of nine polysulfide, silicone, and polyether impression materials.
2. These materials demonstrate linear viscoelastic behavior during deformation. All three components of deformation-instantaneous elastic, retarded elastic, and viscous flow-decrease with continued ploymerization and cross-linking of the materials.
3. Permanent deformation in these materials is a result of lack of recovery of the elastic components of deformation as well as viscous flow.
4. The polyether and one silicone material most closely approach ideal elastic behavior. This characteristic is desirable for it minimizes dimensional change due to stresses encountered (luring handling, shipping, and storage of the impression.
5. The silicone materials in general exhibit less retarded elastic deformation than the polysulfide materials.
6. The creep test provides a more complete characterization of the mechanical properties of impression materials and requires only simple instrumentation.
